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Technical Memorandum-21 

OPTICAL IMAGERS FOR THE SMALL EARTH 
RESOURCES SATELLITE 

1. INTRODUCTION 

The Ea r th  Resources Survey Program, a r e l a t i v e l y  new 

NASA a c t i v i t y ,  i s  a complex program wi th  requirements,  objec-  

t ives,  opera t ions ,  and parameters somewhat d i s t i n c t  from o the r  

space programs. A s  such, i t  i s  f a i r  t o  surmise t h a t  sensors ,  

d a t a  l i n k s ,  mission p r o f i l e s ,  and ins t rumenta t ion  which have 

proven s a t i s f a c t o r y  i n  o the r  space a p p l i c a t i o n s  may n o t  neces- 

s a r i l y  be equa l ly  s a t i s f a c t o r y  here. For t h i s  reason i t  i s  

important  t h a t  an a n a l y s i s  b e  undertaken t o  determine the b e s t  

p o s s i b l e  choice of parameters t o  i n su re  success  of t h i s  program. 

This r e p o r t ,  a look a t  imaging sys t ems  f o r  S m a l l  Ea r th  

Resources Satel l i tes ,  i s  envisioned as the  f i r s t  i n  a series 

of s t u d i e s  which, i t  i s  hoped, w i l l  lead t o  basic design goa ls  

f o r  s a t e l l i t e s  and support  systems t o  serve the  Ear th  Resources 

Survey Program. Future  r e p o r t s  w i l l  b e  concerned wi th ,  among 

o t h e r  t h ings ,  radar and i n f r a r e d  sensors ,  d a t a  s to rage  and 

te lemet ry ,  and d a t a  re lay  and ana lys i s  techniques.  Some of 
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the  spacec ra f t  being considered f o r  t h i s  program a r e  shown i n  

T a b l e  1, and T a b l e  2 l i s t s  candidate  instruments  f o r  ERS A and 

B. 

The a c q u i s i t i o n  of the Ea r th ’ s  resources  by remote 

sensors  i n  space r equ i r e s  a knowledge n o t  only of sensor  cap- 

a b i l i t y  but  a l s o  of sensor  requirements, p a r t i c u l a r l y  wi th  

regard t o  r e s o l u t i o n ,  i n  o rde r  t o  a r r i v e  a t  meaningful answers 

t o  s p a c e c r a f t  sensor  s e l e c t i o n .  T a b l e  3 i n d i c a t e s  t he  r e l a t i o n -  

s h i p  between sensor  r e s o l u t i o n  and resources  a p p l i c a t i o n ,  as 

we l l  as demonstrating which resources  may be s tud ied  f o r  s e v e r a l  

ranges of ground r e s o l u t i o n  among the  var ious d i s c i p l i n e s .  The 

s e l e c t i o n  i s  based on des i r ed  performance and does n o t  r e f l e c t  

c u r r e n t  instrument capab i l i t i e s ,  However, i t  must be empha- 

s i z e d  t h a t  t o  achieve low complexity and high r e l i a b i l i t y ,  

remote sens ing  f o r  ERS A and B should b e  confined t o  those 

techniques which are w e l l  wi thin the  s ta te  of the  a r t .  These 

inc lude  r ada r ,  I R ,  and photography - both TV and convent ional .  

This s tudy has been l imi t ed  t o  photographic techniques 

s i n c e  they are the  most advanced of imaging systems and d a t a  

i n t e r p r e t a t i o n  i s  considerably simpler than f o r  o the r  t y p e s  

of imaging sys t ems .  Tab le s  4 and 5 i l l u s t r a t e  the  func t iona l  

requirements of a Small Ear th  Resources S a t e l l i t e  and the sen- 

s o r  requirements f o r  t h i s  s a t e l l i t e ,  r e spec t ive ly .  

A cons ide ra t ion  of imaging sys tems s u i t a b l e  f o r  use i n  

small Ea r th -o rb i t i ng  s a t e l l i t e s  must give primary importance 

t o  g ross  phys i ca l  c h a r a c t e r i s t i c s  such as s i z e ,  weight, and 
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power requirements.  An a n a l y s i s  of a v a i l a b l e  instruments  based 

on these  c o n s t r a i n t s  narrowed the f i e l d  of candida te  sensors  

t o  seven. These seven contending imaging systems w e r e  then 

evaluated wi th  r e s p e c t  t o  system and sensor  requirements.  

Examples of parameters which a f f e c t  system performance and 

e f f e c t i v e n e s s  are ground r e so lu t ion ,  s e n s i t i v i t y ,  c o s t ,  map 

s c a l e ,  d a t a  handling c a p a b i l i t y ,  and r e l i a b i l i t y .  Perhaps 

most s t r i n g e n t  of these a r e  the  requirements t h a t  the s a t e l l i t e  

func t ion  u s e f u l l y  f o r  a t  least  one year and provide 100-foot 

r e s o l u t i o n .  The impl ica t ions  are broad indeed: systems r e l i a -  

b i l i t y  and design must approach t h e o r e t i c a l  design l i m i t s  and 

sensors  using f i lm  must b e  capable of c a r r y i n g  f i l m  loads 

s u f f i c i e n t  f o r  a y e a r ' s  operat ion.  

The conclusions reached i n  t h i s  s tudy must be regarded 

as only t e n t a t i v e  and a r e  based s o l e l y  on cons ide ra t ion  of 

imaging systems. Formal recommendations w i l l  be  made a t  the  

conclusion of these  inves t iga t ions .  

2. OPTICAL REQUIREMENTS 

A l l  imaging systems share  common a c q u i s i t i o n  o p t i c s  

r e g a r d l e s s  of t h e  p r i n c i p l e  of image formation and ground re- 

covery of d a t a ;  whether images are formed on f i l m  o r  o p t i c a l l y  

a c t i v e  su r faces ,  the image i s  i n  genera l  f l a t  and extended 1 , 
and hence camera l enses  a r e  designed t o  produce a l a r g e  f l a t  

image f i e l d .  This r equ i r e s  t h a t  camera l enses  be  h ighly  

C e r t a i n  s p e c i a l i z e d  cameras such as the  panoramic are  except ions.  
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cor rec t ed  f o r  curva ture  of f i e l d ,  coma, chromatic a b e r r a t i o n ,  

astigmatism, d i s t o r t i o n ,  and s p h e r i c a l  a b e r r a t i o n ,  t he  degree 

of c o r r e c t i o n  being determined by the l i m i t i n g  r e s o l u t i o n  of 

the pho tosens i t i ve  sur face .  I n  p r a c t i c e ,  however, today ' s  

computer-designed o p t i c s  and advanced f a b r i c a t i o n  techniques 

can produce l enses  supe r io r  t o  the b e s t  f i l m  available. I n  

genera l ,  l e n s  s e l e c t i o n  i s  based on s i z e  of image format o r  

t o t a l  angular  f i e l d  of view and requi red  exposure t i m e  p e r  

frame. For sa te l l i t e -mounted  cameras i t  i s  o f t e n  necessary 

t o  in t roduce  image motion compensation (IMC) t o  c o r r e c t  f o r  

t he  e f f e c t  of s a t e l l i t e  movement during frame exposure. This 

may b e  done by means of a moving s l i t  i n  the  f o c a l  p lace  

s h u t t e r  o r  an a l t e r n a t e  technique i s  t o  employ a r o t a t i n g  

mir ror .  I n  e i t h e r  case the  motion i s  oppos i te  t o  t h a t  of  the  

s a t e l l i t e .  

The t o t a l  angular  f i e l d  of  view (FOV), because i t  i s  

of c e n t r a l  importance t o  any cons idera t ion  of imaging o p t i c s ,  

deserves  some d e t a i l e d  treatment.  General ly ,  one a r r i v e s  a t  

a va lue  f o r  t he  FOV f o r  the  a c q u i s i t i o n  o p t i c s  by  spec i fy ing  

the  o r b i t a l  a l t i t u d e  of t he  s a t e l l i t e  and the  ground coverage 

d e s i r e d  without  cons ider ing  whether t he  s p a t i a l  r e s o l u t i o n  of 

t h e  camera s y s t e m  i s  inhe ren t ly  good enough t o  accept the  

a r t i f i c i a l l y  imposed "look angle". 

i s  l i m i t e d  by a p e r t u r e s  c a l l e d  f i e l d  s tops  t o  e l imina te  poor 

imagery a t  the  edge of the  f i e l d .  So-cal led wide angle  lenses  

are  s p e c i a l l y  co r rec t ed  t o  e l imina te  a b e r r a t i o n s  a t  the  edge 

The e f f e c t i v e  FOV of lenses  
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of t h e  f i e l d ;  however, these lenses  a r e  g e n e r a l l y  u n s a t i s f a c -  

t o ry  f o r  space-borne app l i ca t ions  f o r  reasons which need n o t  

concern us here.  

systems i s  usua l ly  n o t  s o  r e s t r i c t i v e  t h a t  performance goa l s  

c a n ' t  be s a t i s f i e d .  Nevertheless,  i t  i s  u s e f u l  t o  know what 

the l i m i t i n g  FOV i s  f o r  a given camera system. The b u i l t - i n  

l i m i t s  t o  a camera's FOV a r e  e s t ab l i shed  by the r e s o l u t i o n  of 

the  photosurface ( f i l m  o r  vidicon tube) and by the  map s c a l e .  

These are expressed q u a n t i t a t i v e l y  i n  the  equation: 

The inhe ren t  l i m i t a t i o n  i n  FOV of imaging 

W 
e 2F.L. 

where Q = F i e l d  of V i e w  ( radians)  

w = Film Width (inches) 

and F.L. = Focal Length ( inches) .  

The l i m i t a t i o n s  mentioned above are n o t  r e a d i l y  a p p a r -  

e n t  i n  the above expression,  b u t  i f  the  right-hand s i d e  of 

equat ion (1) were mul t ip l i ed  t o p  and bottom by r,  the r e s o l u t i o n  

of t he  photosurface (expressed i n  l i n e  p a i r s  per  mi l l ime te r )  1 , 

then the  above i n e q u a l i t y  would appear  as follows: 

H i s t o r i c a l l y ,  t he re  has been a d i f f e r e n c e  of opinion on the 
express ion  of spa t i a l  r e so lu t ion .  T r a d i t i o n a l l y ,  o p t i c a l  
s p e c i a l i s t s  have u t i l i z e d  l i n e  pairs/mm. However, informa- 
t i o n  con ten t  i s  b e s t  expressed by l i n e  elements/mm o r  
cycles/mm where a cyc le  contains  two b i t s  of information. 
S ince  t h i s  r e p o r t  i s  intended p r imar i ly  f o r  user  agencies ,  
t h e  more f a m i l i a r  n o t a t i o n  o f  l i n e  pairs/mm has been r e t a ined .  
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) i s  simply twice the  angle  a r e s o l u t i o n  element where (r x F.L. 
forms a t  the  f o c a l  plane of  the a c q u i s i t i o n  o p t i c s  and (rw) i s  

h a l f  t he  t o t a l  number of r e so lu t ion  elements a long a diagonal  

of the f o c a l  plane.  Again, i f  equat ion (1) i s  now mul t ip l i ed  

top and bottom by h, the  o r b i t a l  a l t i t u d e  (expressed i n  n a u t i -  

c a l  mi les ) ,  then i t  would appear as fol lows:  

i s ,  by d e f i n i t i o n ,  the map scale . The inequa l i -  where - F.L. 
t i es  exh ib i t ed  i n  these  expressions are necessary  and must b e  

s a t i s f i e d ;  they i n d i c a t e  t h a t  (a) the photosurface must n o t  

l i m i t  the  system performance, and (b) t h e  map scale must be 

chosen t o  give meaningful imagery. 

h 

Two examples a r e  given t o  i l l u s t r a t e  these  po in t s :  t o  

s a t i s f y  equat ion (2), suppose the r e s o l u t i o n  angle  i s  0 .1  m i l -  

l i r a d i a n ,  the  f i l m  i s  70 mm (2-1/4 inch  format) ,  and the s p a t i a l  

r e s o l u t i o n  of the f i l m  i s  100 l i n e  pa i r s  p e r  m i l l i m e t e r .  Then 

8 I 1 . l  rad  = 60'. - 
To i n v e s t i g a t e  equat ion ( 3 )  assume h i s  300 n a u t i c a l  m i l e s  and 

t h e  map s c a l e  1:5,000,000. Then 

8 5 . 5 2  r ad  = 30°. 

~ ~~ 

This  i s  the a c q u i s i t i o n  map scale; u s e f u l  map s c a l e  can vary  
from t h i s  through enlargement. Map s c a l e  may also be thought 
of as the r a t i o  of the  d i s t ance  between two po in t s  on the 
ground o b j e c t  plane,  t o  the  d i s t a n c e  between these same po in t s  
i n  the lens  f o c a l  plane ( f i lm) .  
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I 
Thus i n  t h i s  example, the  l i m i t a t i o n  i n  FOV would be  t he  map 

sca l e .  

I n  a d d i t i o n  t o  l i m i t a t i o n s  i n  FOV, camera l enses  impose 

c e r t a i n  o the r  r e s t r i c t i o n s  on imaging sys tems performance. A s  

an a i d  t o  understanding the  phys ica l  c o n s t r a i n t s  imposed by 

a c q u i s i t i o n  o p t i c s ,  Figures  1 through 4 are included. These 

r e l a t i o n s h i p s  are discussed i n  more d e t a i l  i n  Appendix A. 

Figure 1 i s  a p l o t  of ground coverage as a func t ion  of o r b i t a l  

a l t i t u d e  and f i e l d  of view. We see t h a t  a t  an o r b i t a l  a l t i t u d e  

of 300 n a u t i c a l  m i l e s  a camera l ens  must have almost a 30- 

degree f i e l d  of view (26.5 degrees i s  the a c t u a l  va lue)  t o  su r -  

vey a 100-mile swath on the  ground. Figure 2 relates f i e l d  of 

view t o  image format as a func t ion  of f o c a l  length.  

f o r  a f i e l d  of view of 26.5 degrees and a 7-inch f o c a l  length ,  

the e f f e c t i v e  image frame s i z e  would be about 2.25-inches on 

a s i d e ,  which i s  the  format f o r  70 mmfilm. Figure 3 i l l u s -  

t ra tes  t h e  dependence of ground r e s o l u t i o n  on s y s t e m  r e s o l u t i o n  

as a func t ion  of f o c a l  length ,  Thus, t o  ob ta in  a r e s o l u t i o n  

on the  ground of 100 f e e t  w i th  a 7-inch l ens  r e q u i r e s  a sys-  

t e m  r e s o l u t i o n  of 52 l i n e  p a i r s  p e r  m i l l i m e t e r  minimum. This 

means t h a t  the p r i m a r y  spa t i a l  r e s o l u t i o n  of the  photo-detector  

should be about  80 l i n e  pairs  p e r  mi l l imeter  f o r  systems which 

te lemeter  d a t a  t o  ground s i n c e  a 25 t o  40 percent  degradat ion 

Hence, 

The 300 n a u t i c a l  m i l e  a l t i t u d e  i s  chosen as a compromise 
between r e s o l u t i o n  and l i f e t i m e  requirements.  Low a l t i t u d e  
i s  d e s i r e d  f o r  be t t e r  r e so lu t ion ,  but 300 n a u t i c a l  miles i s  
needed f o r  s ta t ion-keeping  and t o  overcome atmosphere drag 
t o  i n s u r e  a one-year dura t ion .  
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of s i g n a l  occurs wi th  such systems. 

map scale as a func t ion  of o r b i t a l  a l t i t u d e  f o r  t y p i c a l  f o c a l  

lengths .  

map scale a t  300 n a u t i c a l  m i l e s ,  

Figure 4 p l o t s  a c q u i s i t i o n  

The 7-inch lens  c i t e d  above w i l l  have a 1:3.13 x 10 6 

I n  genera l ,  the  u s e r  of s p a c e c r a f t  imagery i s  i n t e r e s t e d  

i n  three q u a n t i t i e s :  ground r e so lu t ion ,  map s c a l e ,  and swath 

width. 

t i o n  of the  s y s t e m ' s  o v e r a l l  performance. I f  these "per for -  

mance f igures"  s a t i s f y  h i s  requirements, then f u r t h e r  eva lua t ion  

i s  ind ica t ed  involving such things as sensor  r e l i a b i l i t y ,  da ta  

Knowledge of these enables him t o  make a quick evalua-  

handling c a p a b i l i t y ,  c o s t ,  e t c .  Expressions f o r  determining 

ground r e s o l u t i o n ,  map s c a l e ,  and swath width are given i n  

Appendix A. 

3 .  PHYSICAL AND PERFORMANCE CHARACTERISTICS OF CANDIDATE 
CAMERA SYSTEMS 

When s e l e c t i n g  instruments and sensors  f o r  s a t e l l i t e  

a p p l i c a t i o n ,  equa l ly  important with performance a r e  such gross  

c h a r a c t e r i s t i c s  as weight, s i z e ,  and power requirements.  

Table 6 l i s t s  these  c h a r a c t e r i s t i c s  f o r  four teen  camera 

t y p e s .  S a t i s f y i n g  the  gross  physical  c o n s t r a i n t s  of a small 

Ea r th -o rb i t i ng  s a t e l l i t e  reduces the  l i s t  of candida te  systems 

t o  s i x  whose c h a r a c t e r i s t i c s  a r e  given i n  T a b l e  7. Some of 

these  instruments  may f u l f i l l  the minimum func t iona l  and sensor  

Data shown are b e s t  a v a i l a b l e  a t  t i m e  of compilation. Up- 
d a t i n g  of parameters i s  a continuing process s o  t h a t  numbers 
c i t e d  i n  t h i s  and subsequent t a b l e s  should be  considered 
guides  r a t h e r  than hardened parameters. Most r e l i a b l e  da t a  
are, of course,  those assoc ia ted  wi th  ope ra t iona l  sys t ems .  
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requirements of T a b l e s  4 and 5 a f t e r  d a t a  degradat ion by 

te lemetry.  

Of the  many v a r i a b l e s  a s soc ia t ed  wi th  s a t e l l i t e  sensors ,  

Where cameras are concerned, t he  primary concern i s  r e so lu t ion .  

ground r e s o l u t i o n  i s  the  p r i n c i p a l  parameter. Table 8 l i s t s  

ground r e s o l u t i o n  f o r  the s i x  sensors ,  based on c u r r e n t  con- 

f i g u r a t i o n s .  The r e s o l u t i o n s  have been normalized f o r  an a l t i -  

tude of 300 n a u t i c a l  miles corresponding t o  a one-year mission 

l i f e  and 2 : l  c o n t r a s t  r a t i o .  One observes t h a t  the  ground 

r e s o l u t i o n  varies by over an order  of magnitude. The Advanced 

Vidicon Camera, a l though opera t iona l ,  i s  so  f a r  removed from 

the  100 t o  300 f o o t  r e s o l u t i o n  des i r ed  f o r  the  Ea r th  resources  

s a t e l l i t e  t h a t  i t  may b e  discounted without  f u r t h e r  considera-  

t i o n ;  i t  i s  included a s  a benchmark of what i s  ope ra t iona l  today. 

The normal tendency i s  t o  focus on the  sys t em having 

the  h ighes t  r e s o l u t i o n  and make t h i s  the primary candida te  i n -  

strument.  I n  t h i s  i n s t ance ,  however, complications immediately 

ar ise .  The Lunar O r b i t e r  camera, with a 24-inch f o c a l  l eng th  

has a p o t e n t i a l  ground r e so lu t ion  of 20 f e e t ,  but i t s  f i lm  

c a p a c i t y  i n  t h i s  ope ra t iona l  conf igura t ion  i s  only 200 frames - 
an  unacceptable  f i g u r e .  This camera has a second l e n s  wi th  a 

3- inch f o c a l  l eng th  and a ground r e s o l u t i o n  of 160 f e e t ,  s t i l l  

w i t h i n  the  r e s o l u t i o n  requirements. I ts  f i l m  capac i ty  using 

t h i s  l e n s  exc lus ive ly  i s  1200 frames; but t h i s  i s  s t i l l  too 

few t o  s a t i f y  system requirements. It i s  probable t h a t  the 

f i l m  c a p a c i t y  can b e  increased f o r  t h i s  camera package, but i t  
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would r e q u i r e  redesign and redevelopment. I t  i s  impossible t o  

s a y  a t  t h i s  t i m e  what the  u l t imate  capac i ty  might be; however, 

i t  should be noted t h a t  the she l f  l i f e  of  the f i l m  i s  only 

guaranteed f o r  t h ree  months according t o  the  manufacturer. 

The n e x t  instrument i n  order  of r e s o l u t i o n  i s  the 

space TV sys tem.  An example of t h i s  system i s  an i n t e n s i f i e r  

v id icon  (TRW) wi th  1000 TV l i n e s  p e r  frame. It  i s  claimed 

t h a t  t h i s  sensor  w i l l  have 100-foot ground r e s o l u t i o n s  . The 

ch ie f  drawback t o  these  systems i s  t h a t  a t  p re sen t  they are 

only l abora to ry  models o r  prel iminary designs.  A r e p o r t  w a s  

prepared i n  June 1966 on image-forming sensors  t h a t  included 

a 2-inch r e t u r n  beam v id icon  (RCA) and pointed out  the poten- 

t i a l  of very high r e s o l u t i o n  (6000 l i n e s )  t h a t  may be  obtained 

from such a tube. This r e p o r t  w a s  presented t o  AGSTOMS on 

June 9 ,  1966. Upon the recommendation of AGSTOMS, personnel 

from NASA's Goddard Space F l i g h t  Center prepared a work s ta te-  

ment f o r  t he  t es t  and s imulat ion of the  2-inch r e t u r n  beam 

v id icon .  A proposal  f o r  accomplishing t h i s  work has been p r e -  

pared, and the  tes ts  w i l l  b e  implemented i n  e a r l y  CY 1967. 

1 

2 

For the Gemini Hasselblad Camera i t  must be emphasized 

t h a t  t he  designated r e so lu t ions  of 18 f e e t  and 285 f e e t  f o r  

f o c a l  lengths  of 9.8 inches and 3.15 inches,  r e s p e c t i v e l y ,  must 

'At a c o n t r a s t  r a t i o  of 1OOO:l and without  te lemetry lo s ses .  
2Advisory Group f o r  Supporting Technology f o r  Operat ional  
Meteorological  Sa t e l l i t e s .  This group includes r ep resen ta -  
t ives  from NASA, ESSA, and DOD. 
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be regarded as only r ep resen ta t ive  of the  l a r g e  number of 

lenses  and f i l m  which can b e  used wi th  t h i s  camera. The f a c t  

t h a t  c o l o r  f i lm  was the  f i l m  of choice helps  expla in  the rela- 

t i v e l y  low ground r e s o l u t i o n  - t h i s  f i lm  has perhaps 1 /4  o r  

1 / 5  the  s p a t i a l  r e s o l u t i o n  of black and white  a e r i a l  f i lm.  

Nevertheless,  i t  has been found t h a t  c o l o r  h i g h l i g h t s  d e t a i l  

s o  t h a t  u s e f u l  r e s o l u t i o n  i s  not as poor as ind ica t ed ,  and i n  

f a c t ,  sometimes d e t a i l s  a r e  discerned i n  c o l o r  which a r e  n o t  

r e a d i l y  obvious i n  black and white. This cannot be expressed 

q u a n t i t a t i v e l y  however. In f a c t  t he  Hasselblad could achieve 

r e s o l u t i o n s  even g r e a t e r  than the Lunar O r b i t e r  camera sys t em,  

using the same o p t i c s ,  because no degradat ions occur due t o  

te lemetry l i n k  and recons t ruc t ion .  However, the  Hasselblad 's  

e f f e c t i v e n e s s  i s  l imi t ed  i n  the same way, namely, f i lm  capac i ty .  

What is  requi red  f o r  e f f e c t i n g  long missions i s  f i l m  bulk, and 

i n  the case of the  Hasselblad,  some way of r e t r i e v i n g  the f i lm.  

An i n t e r e s t i n g  imaging system i s  the Spin-Scan Camera 

used aboard the Applicat ions Technology S a t e l l i t e  i n  synchron- 

ous o r b i t .  This imager uses a 5-inch Cassegrain te lescope a s  

the  o b j e c t i v e ,  and i t s  0 .1  x 0 .1  m i l l i r a d i a n  instantaneous 

f i e l d  of  view i l l umina te s  a photomult ipl ier .  The camera sp ins  

a t  the  ra te  of 100 rpm and scans 100 h o r i z o n t a l  l i n e s  every 

minute. I t  r e q u i r e s  20 cyc les  t o  produce a 2,000 scan - l ine  

frame. Although the  o p t i c s  of t h i s  sensor  a r e  unconventional, 

perhaps unique among s a t e l l i t e  imagers, the  frame rate  w r i t i n g  
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t i m e  of 20 minutes i s  so slow as  t o  render  i t  unacceptable f o r  

low-a l t i tude  Ear th  resources  app l i ca t ions .  

The l a s t  imaging system t o  be considered i s  the  Dielec- 

t r i c  Tape Camera. This instrument uses a t ape  s u b s t r a t e  on 

which are deposi ted layers of conducting material, photoconduct- 

ing ma te r i a l ,  and d i e l e c t r i c .  The tape i s  operated i n  a vacuum 

environment and behaves very much l i k e  the  photocathode of a 

s to rage  tub; and l i k e  a s to rage  tube, t he re  are t h r e e  e l e c t r o n  

guns f o r  wr i t i ng ,  reading,  and e ra s ing .  A t  p r e sen t  t h i s  system 

has a r e s o l u t i o n  of only 445 f e e t .  

t h i s  f i l m  i s  l imi t ed  by the  phys ica l  c o n s t r a i n t s  of the  w r i t i n g  

process which w i l l  b e  discussed la ter .  A t  p r e sen t  the  s p a t i a l  

r e s o l u t i o n  of the t a p e  i s  1 2  l i n e  p a i r s  per  m i l l i m e t e r .  I n  

i t s  conf igu ra t ion  a s  a panoramic camera, i t s  ground r e s o l u t i o n  

of 445  f e e t  i s  less than h a l f  as good a s  some o the r  E a r t h  r e -  

sources  imaging sensors ;  however, the  t h e o r e t i c a l  l i m i t  of 

spa t i a l  r e s o l u t i o n  has n o t  y e t  been reached, and one may expect 

f u r t h e r  progress  i n  the fu tu re .  Since even a doubling of the 

r e s o l u t i o n  c a p a b i l i t y  would make t h i s  instrument a s e r i o u s  

contender  f o r  the  Ear th  resources  p r o j e c t ,  any f u r t h e r  improve- 

ment i n  r e s o l u t i o n  could be of  g r e a t  s ign i f i cance .  

4 ,  D I S C U S S I O N  

The s p a t i a l  r e s o l u t i o n  of 

Of the  seven candidate  imaging systems which a r e  physi-  

c a l l y  capable  of being operated i n  an ERS A and B environment, 

two may be e l iminated as being e i t h e r  too poor i n  ground reso- 

l u t i o n  o r  having too s low a framing rate.  Of the  f i v e  
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remaining, t h ree  systems a r e  e l e c t r o - o p t i c a l ,  one i s  photo- 

o p t i c a l ,  and the  f i f t h ,  a hybrid,  combines photo-opt ica l ,  e l e c -  

t r o - o p t i c a l ,  and e l e c t r o n i c  concepts. These f i v e  systems must 

now be evaluated with r e spec t  t o  system complexity, e f f e c t i v e -  

ness,  d a t a  handling c a p a b i l i t y ,  power requirements,  and bulk. 

Figure 5 i s  an  example of the type of parametric ana lyses  

requi red  f o r  s e l e c t i n g  an imaging sensor  system f o r  the  Ea r th  

resources  s a t e l l i t e s .  The curves are based on o p t i c s  w i th  

8-inch f o c a l  length  and 70 mm film. 

must be s a t i s f i e d ,  a u n i f i e d  approach can r e s u l t  only from 

comparison and eva lua t ion  of a l l  poss ib l e  a l t e r n a t i v e s .  

parameters shown here are but a few of the  t o t a l  number vying 

f o r  cons idera t ion .  

Where c o n f l i c t i n g  demands 

The 

The f i g u r e  i l l u s t r a t e s  how map scale and ground reso-  

l u t i o n  d e t e r i o r a t e  wi th  increas ing  o r b i t a l  a l t i t u d e ,  whereas 

s a t e l l i t e  l i f e t i m e  and f i l m  weight improve with inc reas ing  a l -  

t i t u d e .  Therefore,  i f  a p r i m a r y  requirement i s  a one-year 

u s e f u l  s a t e l l i t e  l i f e ,  then a minimum value  i s  placed on o r b i t a l  

a l t i t u d e ,  and a l l  o the r  parameters consequently a l s o  r ece ive  

l i m i t i n g  va lues .  However, if t h e  system cannot accommodate 

any of these l i m i t a t i o n s ,  then l i f e t i m e  adjustments may be 

necessary .  Thus by matching requirements and capabi l i t i es  based  

on parametr ic  cons ide ra t ions ,  a p r a c t i c a l  compromise i s  achieved. 

4 . 1  Photo-Optical  Sys tems 

A photo-opt ica l  imager ,  such as the Hasselblad camera, 

i s  by i t s  na tu re  a u n i d i r e c t i o n a l  o r  nonrevers ib le  system. 
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That i s  t o  say, images are recorded on a nonrevers ib le  medium 

so  t h a t  once made,a f r e s h  f i l m  su r face  must b e  presented f o r  

a new image t o  be recorded. 

f o r  a year  r equ i r e s  a s u b s t a n t i a l  q u a n t i t y  of f i l m  and a means 

f o r  d e l i v e r i n g  the  f i l m  t o  the  ground. Of course  a ques t ion  

a r i s e s  as t o  whether continuous synopt ic  coverage f o r  a year 

i s  a c t u a l l y  des i r ed  o r  requi red  on the i n i t i a l  f l i g h t s .  With 

an Ear th  land mass of about 43,000 square n a u t i c a l  miles, a 

p i c t u r e  frame encompassing a 100 n a u t i c a l  m i l e  swath on a s i d e  

would r e q u i r e  4300 frames f o r  a s i n g l e  t o t a l  g loba l  coverage. 

This i s  equiva len t  t o  about 900 f e e t  of 70 mm f i l m  and weighing 

about 7 pounds, a q u a n t i t y  e a s i l y  s to red  aboard a small Ea r th  

resources  s a t e l l i t e .  The q u a l i t y  ( r e so lu t ion ,  S/N, s p e c t r a l  

s e n s i t i v i t y )  of the  re turned  f i l m  i s  unsurpassed by any o the r  

imaging system. Based on the  Gemini experiment wi th  synopt ic  

t e r r a i n  photography, 900 frames of high r e s o l u t i o n  imagery con- 

Therefore,  f o r  a system t o  opera te  

t a i n  enough da ta  t o  keep i n v e s t i g a t o r s  busy f o r  several years  1 

It i s  d i f f i c u l t  t o  p r e d i c t  what the u l t ima te  f i l m  capac- 

i t y  of  a small Ea r th  s a t e l l i t e  might be. However, i f  Nimbus 

L I n  the Gemini experiment about 1100 use fu l  photographs were 
obtained and the  p r i n c i p a l  i n v e s t i g a t o r  es t imates  i t  w i l l  
t ake  2 t o  3 years  t o  s i f t  a l l  the  frames. Approximately 300 
u s e f u l  photographs were returned by the f i r s t  two Lunar 
O r b i t e r s ,  and these  300 frames a r e  keeping upwards of t h i r t y  
i n v e s t i g a t o r s  busy fu l l - t ime  and w i l l  probably do so  f o r  
s e v e r a l  more months. Another a spec t  of the  d a t a  a n a l y s i s  
problem i s  the e x t e n t  of the a n a l y s i s .  For bas ic  photo- 
graphic  o r  topographic maps, a l e v e l  of 4000 t o  12,000 syn- 
o p t i c  photos probably could b e  handled p e r  year .  However, 
f o r  d e t a i l e d  i n t e r p r e t a t i o n  of tes t -s i te  photos, the Ea r th  
Resources Survey i n v e s t i g a t o r s  w i l l  be  s a t u r a t e d  a t  a much 
lower l e v e l .  
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i s  taken as r e p r e s e n t a t i v e  of t h i s  c l a s s  of v e h i c l e ,  a " b a l l  

park" e f f o r t  a t  e s t a b l i s h i n g  i t s  f i l m  load may be attempted. 

Based on a s c a l i n g  of Department  of Defense v e h i c l e s ,  a 

Nimbus S a t e l l i t e  among the l a r g e s t  of the EEG A and B t y p e  

spacec ra f t  might be  modified t o  c a r r y  a 100 pound r e e n t r y  

v e h i c l e  w i th  25 pounds of 70 mm f i lm  - equiva len t  t o  about 

3.5 world land coverages. F i l m  recovery via  a r e e n t r y  vehi -  

c l e  in t roduces  ope ra t iona l  complexity but i s  c u r r e n t l y  being 

accomplished success  f u l l y .  

4.2 Hybrid Sys  tems 

The nex t  camera type,  of which the  Lunar O r b i t e r  camera 

i s  r e p r e s e n t a t i v e ,  i s  a combination photo-opt ica l  and 

e l e c t r o - o p t i c a l  device.  This system conta ins  a convent ional  

camera i n  the f r o n t  end. Af te r  exposure the f i l m  i s  developed 

by t h e  B i m a t  process;  the  developed frame i s  then scanned 

e l e c t r o - o p t i c a l l y  and t h e  da t a  telemetered t o  ground s t a t i o n s .  

With a convent ional  camera i n  the loop, t he re  ar ises  the same 

problems wi th  f i l m  bulk previously descr ibed.  Here the  prob- 

l e m  i s  compounded because, f o r  each l eng th  of nega t ive  p a p e r ,  

t h e r e  must now be an equal  length  of p o s i t i v e  p a p e r  plus  a 

l a y e r  of developer.  A t  the  very l e a s t ,  the  t o t a l  f i l m  bulk 

i s  doubled so  t h a t  f o r  a given f i l m  budget the  number of frames 

i s  h a l f  of t h a t  a v a i l a b l e  w i t h  a photo-opt ica l  camera without  
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onboard processing.  This arrangement works out  be t t e r  wi th  

regard t o  f i l m  weight and opera t iona l  complexity s i n c e  the 

s a t e l l i t e  does n o t  have t o  ca r ry  along a r e e n t r y  veh ic l e ;  

however, i t  does c a r r y  telemetry equipment . 
The Boeing ve r s ion  of t he  Lunar O r b i t e r  i n  i t s  p re sen t  

conf igu ra t ion  i s  l imi t ed  t o  1200 frames wi th  a ground r e so lu -  

t i o n  of 157 f e e t .  A modif icat iQn t o  inc rease  the  f i l m  

capac i ty  and r e s o l u t i o n  would e n t a i l  a s u b s t a n t i a l  packaging 

and design e f f o r t  but i s  t echn ica l ly  f e a s i b l e .  One advantage 

of t h i s  system over the  pure photo-opt ical  camera i s  i t s  

l i m i t e d  "realtime" processing of d a t a ,  

are the  t i m e  and c o s t s  involved i n  modifying the  system, the  

r e l a t i v e l y  s h o r t  s h e l f  l i f e  of t he  B i m a t  f i lm,  the  f a c t  t h a t  

the  f i l m  must be advanced p e r i o d i c a l l y  which may complicate 

programming, and a l s o  the  f a c t  t h a t  t h i s  i s  inhe ren t ly  a more 

complex payload. 

On the  d e b i t  s i d e  
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4 . 3  Elec t ro-Opt ica l  Sys  tems 

TV systems, using vidicon tubes as the sensor  element, 

do n o t  produce received images having q u a l i t i e s  equal  t o  those 

from photo-opt ica l  devices .  There a r e  s e v e r a l  conversion pro- 

cesses  - vid icon  image t o  e l e c t r o n  beam t o  t a p e  t o  e l e c t r o n i c  

s i g n a l  t o  r a d i o  s i g n a l  and w i t h  t he  process reversed a t  t he  

ground s t a t i o n  t o  ob ta in  an  image. A s  a r e s u l t  of a l l  these  

steps,  perhaps as much as 25 t o  40 percent  degradat ion i n  

s p a t i a l  r e s o l u t i o n  occurs r e l a t i v e  t o  t h e  bas ic  d e t e c t o r  p e r -  

formance wi th  corresponding lo s s  i n  c o n t r a s t ,  spectral r e so lu -  

t i o n  ( l o s s  of gray s c a l e ) ,  S/N, and s o  f o r t h .  

Ser ious as these  losses a r e ,  these  systems neve r the l e s s  

have promise of producing good q u a l i t y  images; but  one must 

remember t h a t  the  photographic r e s o l u t i o n  obtained on the  ground 

i s  n o t  equiva len t  t o  the s p a t i a l  r e s o l u t i o n  a t  the  vidicon.  

For example, i f  we  cons ider  the proposed TRW vidicon,  having a 

nominal s p a t i a l  r e s o l u t i o n  of 1000 l i n e s  and sweeping a 16 

n a u t i c a l  m i l e  swath ( i t  uses s ix  v id icon  tubes t o  ob ta in  a 96 

n a u t i c a l  m i l e  swath), t he  minimum number of r e s o l u t i o n  elements 

r equ i r ed  t o  give a 100-foot ground r e s o l u t i o n  i s  960. But we 

must expect  a t  the  very  least  a 25 percent  degradat ion t o  occur 

i n  image q u a l i t y  due t o  telemetry and a f u r t h e r  25 percent  

degrada t ion  a t  a 2 : l  c o n t r a s t  r a t i o  s o  t h a t  the 1000 scan l i n e s  

on the  v id icon  become e f f e c t i v e l y  no more than about  560 l i n e s  

when r econs t ruc t ed  on the  ground. A s  a r e s u l t ,  the  nominal 

r e s o l u t i o n  a t  the  sensor  t r a n s l a t e s  t o ,  a t  b e s t ,  a 170-foot 
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r e s o l u t i o n  on the  ground. The RCA system f a r e s  no be t t e r .  

Assuming t h a t  they may achieve an e f f e c t i v e  s p a t i a l  r e s o l u t i o n  

of 6000 l i n e s  a t  the  vidicon,  the number of r e s o l u t i o n  elements 

requi red  f o r  a 96 n a u t i c a l  mile swath i s  5760, s o  wi th  an 

upper l i m i t  of  4500 l i n e s  a t  a 2 : l  c o n t r a s t  r a t i o  and 25 percent  

te lemetry degradat ion,  the ground r e s o l u t i o n ,  a t  b e s t ,  w i l l  

a l s o  be 170 feet .  

TV imaging systems may enjoy an advantage over pure 

photo-opt ical  sys tems with regard t o  system weight; both the  

RCA and TRW systems weigh less than est imated previous ly  f o r  

an equiva len t  photo-opt ical  system with r e e n t r y  veh ic l e .  

Another advantage of TV imaging systems i s  t h e i r  p o t e n t i a l l y  

long u s e f u l  l i f e t i m e s .  For example, t h e i r  ope ra t iona l  l i f e  

i s  n o t  r i g i d l y  predetermined by t h e i r  f i l m  s to rage  c a p a b i l i t y .  

With adequate t e s t i n g  and redundancy t o  provide good re l ia -  

b i l i t y ,  these  systems would be a b l e  t o  func t ion  as long as the 

s a t e l l i t e  remains i n  o r b i t .  The weakest l i n k  i n  the d a t a  pro- 

c e s s i n g  cha in  i s  the  t ape  recorder  which i n  the p a s t  has proven 

t o  be  less than completely re l iable .  S t i l l  another  advantage 

i s  t h e  "realtime" d a t a  processing c a p a b i l i t y  inherent  i n  

e l e c t r o - o p t i c  and e l e c t r o n i c  s y s t e m s .  

The ch ie f  disadvantage of TV systems i s  the  complexity 

of onboard and ground support  equipment, which i s  r e f l e c t e d  i n  

the  c o s t s .  A l s o  the  need f o r  ground s t a t i o n  support  i m p l i e s  

ope ra t ing  on a t ime-sharing basis which may hamper o r  de lay  

d a t a  a c q u i s i t i o n .  

I l T  R E S E A R C H  I N S T I T U T E  
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The D i e l e c t r i c  Tape Camera appears  as a l i k e l y  a l te r -  

na t ive .  The d i e l e c t r i c  tape i s  o p t i c a l l y  a c t i v e  and the  image 

i s  s to red  d i r e c t l y  on the  t a p e  through the  simultaneous i n t e r -  

a c t i o n  of e l e c t r o n  beam and o p t i c a l  i npu t  on i t s  sur face .  The 

d i e l e c t r i c  tape camera, an e l ec t ro -op t i c  and e l e c t r o n i c  device,  

gene ra l ly  possesses  the  same c h a r a c t e r i s t i c s  and advantages of 

s imilar  systems such as t h e  TV camera: i t  i s  compact and l i g h t -  

weight, processes d a t a  i n  r ea l t ime  and i s  unique i n  n o t  re- 

q u i r i n g  a sepa ra t e  r eco rde r ,  

The g r e a t e s t  drawback t o  the use of the d i e l e c t r i c  t a p e  

camera f o r  Ear th  resources  app l i ca t ions  i s  i t s  r e l a t i v e l y  poor 

r e s o l u t i o n ,  which i s  caused by the  method of w r i t i n g  o r  "imaging" 

on the  d i e l e c t r i c  t a p e .  I n  order  t o  " w r i t e "  on the  tape, i t  i s  

necessary  t o  pass an e l e c t r o n  beam and o p t i c a l  i npu t  through a 

t h i n  s l i t .  A s  i s  the case  w i t h  s l i t s ,  when i t  becomes t h i n  

enough, i t  s tar ts  t o  d i f f r a c t  l i g h t  as w e l l  a s  e l e c t r o n  be.ams. 

Any d i f f r a c t i o n  e f f e c t s  would a c t  l i k e  n o i s e  and degrade the 

s i g n a l ;  the  smaller the s l i t  i s  made, the s t ronge r  becomes the  

d i f f r a c t i o n .  For the  e l ec t rons  space-charge buildup r e s u l t i n g  

from too narrow a s l i t  could cause se r ious  anomalies a t  the  

f i l m  p lane.  S p e c i a l l y  designed e l e c t r o s t a t i c  " s l i t s"  are e m -  

ployed t o  r e l i e v e  t h i s  problem and gene ra l ly  work ve ry  w e l l .  

For  t h e  l i g h t  s i g n a l ,  too narrow a s l i t  would leave the  zero  

d i f f r a c t i o n  order  wi th  l i t t l e  energy, the  bulk of the l i g h t  

energy going i n t o  the  neighboring d i f f r a c t i o n  orders .  

I l l  R E S E A R C H  I N S T I T U T E  
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D i f f r a c t i o n  problems a r i s i n g  from l i g h t  passing through narrow 

s l i t s  are gene ra l ly  more d i f f i c u l t  t o  cope with.  

It  i s  n o t  u n r e a l i s t i c  to  expect improvements i n  the  

spa t i a l  r e s o l u t i o n  of d i e l e c t r i c  tapes  as t e c h n i c a l  advancements 

a r e  made. For example, RCA has considered a 70 mm format. 

When the  r e s o l u t i o n  of the d i e l e c t r i c  tape camera approaches 

t h a t  of TV systems, i t  i s  almost c e r t a i n  t o  become a leading  

contender f o r  Ea r th  resources  app l i ca t ions  because i t  i s  inher -  

e n t l y  a s i m p l e r  system than TV. 

4.4 Estimates f o r  1970 Sys tems 

The d i f f i c u l t y  i n  comparing the present  Hasselblad,  

D i e l e c t r i c  Tape, and Lunar O r b i t e r  camera systems wi th  the  

"Advanced TV" sys t em i s  i n  the  degree of development between 

these  imaging s y s  tems . The "Advanced TV" sys tems using re tu rn  

beam vid icon  sensors  and high da ta  ra te  recorders  a r e  under 

development and proposed f o r  the 1969-1970 t i m e  frame, whereas 

no "advanced" planning has been considered f o r  the o t h e r  

camera sys tems al though performance improvement i s  c l e a r l y  

p o s s i b l e .  I n  t h i s  s e c t i o n  an at tempt  i s  made t o  estimate 

what t h i s  performance might be i n  1970 t o  provide a more mean- 

i n g f u l  and e q u i t a b l e  comparison. The "systems" considered 

here  inc lude  recorders  and t r ansmi t t e r s  where a p p l i c a b l e .  

The fol lowing assumptions have been used i n  e s t a b l i s h i n g  

a comparison: 

a .  300 n a u t i c a l  m i l e  a l t i t u d e  

b.  100 m i l e  swath width 

I I T  R E S E A R C H  I N S T I T U T E  
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c .  6 minutes/orbit/transmitter average transmission 
t i m e  (2 ground s t a t i o n s  wi th  two r ece ive r s  each) .  

Resolut ion i n  l i n e  pairs/mill imeter using 2: 1 
c o n t r a s t  and telemetry degradat ion.  

d. 

e. Land coverage a t  100 by 100 n a u t i c a l  miles i s  
4300 photos. 

Ce r t a in  improvements were considered. The conventional 

camera would use the  l a t e s t  high-qual i ty  f i l m  wi th  matching 

lenses  t o  provide 180 l i n e  pairslmillimeter i n  black and white 

o r  90 l i n e  p a i r s / m i l l i m e t e r  i n  co lo r .  

would c a r r y  15 pounds of f i l m  (9000 frames). Using a 300 

n a u t i c a l  m i l e  a l t i t u d e ,  a 100 n a u t i c a l  m i l e  swath width, .and 

70 mm f i lm,  t he  f o c a l  length  i s  6.75 inches.  

The r e e n t r y  con ta ine r  

The Dielectric Tape camera would be 70 mm, would have 

a s p a t i a l  r e s o l u t i o n  of 25 l i n e  p a i r s / m i l l i m e t e r  (which RCA 

be l ieves  i s  p o s s i b l e ) ,  and would use 6.75-inch f o c a l  length  

o p t i c s .  The t ransmission l i n k  i s  assumed t o  b e  4MHz. 

The Lunar O r b i t e r  camera system would have improved 

l e n s e s ,  r eade r ,  and t r ansmi t t e r  t o  f u l l y  u t i l i z e  the  f i l m  

c a p a b i l i t y  and produce a sys tem ground r e s o l u t i o n  of 150 l i n e  

pairs lmil l imeter .  A 6.75-inch f o c a l  length  a l s o  would be  used. 

The two cameras would have a t o t a l  of 30 pounds o f  improved 

B i m a t  f i l m  (6000 frames),  properly sh ie lded  and temperature- 

c o n t r o l l e d  t o  g ive  one-year operat ion.  Two modes are con- 

s i d e r e d :  i n  the  f i r s t  the two cameras are aimed side-by-side 
I 

in a f o r e  and a f t  d i r e c t i o n  t o  g ive  100 m i l e  swath width by 

I l l  R E S E A R C H  I N S T I T U T E  
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200 miles long i n  black and white;  i n  the second the two are 

overlapped t o  g ive  100 miles by 100 miles and 2 c o l o r s .  

t r a n s m i t t e r  i s  assumed t o  have a c a p a b i l i t y  of 4 MNz. 

Each 

The average r ea l t ime  readout f o r  each senso r / t r ansmi t t e r  

combination i s  c a l c u l a t e d  from: 

Bandwidth x t ransmission t i m e  No. f rames /orb i t  = B i t s  / frame 

Bits / f rame = (2 x l i n e  pa i r s /mm x format)2 x 5 

where the  5 i s  f o r  grey s c a l e  (15 shades of grey) and p a r i t y  

check. 

The number of coverages i s  approximated by the  number 

of frames p e r  year times the  area of  each frame divided by the 

land area (43 x 10 square n a u t i c a l  miles). This assumes no 

over lap  and t h e o r e t i c a l l y  would r e q u i r e  a complex photo pro- 

gram, but  the approximation i s  adequate f o r  t h i s  a n a l y s i s .  

6 

The c h a r a c t e r i s t i c s  on which the p ro jec t ion  was based 

a r e  given i n  T a b l e  9. 

son are summarized i n  T a b l e  10. I t  can be seen t h a t  the  Con- 

v e n t i o n a l  camera wi th  black and white  f i l m  and the improved 

Lunar O r b i t e r  camera system, w h i l e  heavier ,  have the b e s t  

r e s o l u t i o n  (60 t o  70  f e e t )  w i t h  good map scale (1:3.2 x 10 6 ) 

and wi th  modest coverage (0.8 to  3.5 times). The Lunar O r b i t e r  

camera system can provide 18 p ic tu re s  p e r  day while  the  Conven- 

t i o n a l  camera has no r ea l t ime  readout c a p a b i l i t y .  The improved 

D i e l e c t r i c  Tape camera i s  super ior  t o  the  Advanced TV system i n  

both coverage and map s c a l e .  However, the Advanced TV system 

The parameters of i n t e r e s t  f o r  compari- 
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does provide two c o l o r s  and g r e a t e r  r e s o l u t i o n  (340 versus  

420 f e e t ) .  

Q u a l i t a t i v e  estimates of t he  schedules and c o s t s  f o r  

these advanced systems have been made. These s ta tements  a r e  

rough estimates which r equ i r e  v e r i f i c a t i o n  and are summarized 

i n  Table 11. 

5. CONCLUSIONS 

Based on the  p ro jec t ions  f o r  1970, the use r  r equ i r e -  

ments, and the  c a p a b i l i t i e s  of EFG A and B one can conclude 

t h a t :  

0 I f  t he re  i s  no  requirement f o r  r ea l t ime  d a t a  r e t u r n ,  
the  reasonable Ea r th  coverage and minimal develop- 
ment requirements of t h e  convent ional  camera would 
appear  t o  make i t  the p re fe r r ed  system. 

4 I f  t h e r e  i s  a requirement f o r  realtime d a t a  r e t u r n ,  
the  r e s o l u t i o n  and two c o l o r  c a p a b i l i t i e s  of the  ad- 
vanced TV sys t em would seem most des i r ab le .  

0 That f i n a l  dec is ions  should inc lude  cons idera t ion  
of d a t a  management problems ( a c q u i s i t i o n  and r e l a y )  
r e l i a b i l i t y ,  and improved t o t a l  sys tem c o s t  informa- 
t i on .  

The r e l a t i v e  merits of each system have been q u a l i t a t i v e l y  

compared i n  Tab le  1 2 .  These r a t i n g s  se rve  only t o  i l l u s t r a t e  

the  comparison on the basis of  i nd iv idua l  performance and physi-  

ca l  parameters. Since the emphasis of any parameter i n  a t o t a l  

d e c i s i o n  i s  both sub jec t ive  and dependent on the s p e c i f i c  a p p l i -  

c a t i o n ,  the  t a b l e  should n o t  be used q u a n t i t a t i v e l y  t o  o b t a i n  a 

c h o i c e  of systems. I I T  R E S E A R C H  I N S T I T U T E  
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T a b l e  4 

1. 

2. 

3. 

4. 

5. 

6 .  

a .  
a. 
9. 

FUNCTIONAL REQUIREMENTS 
FOR SMALL EARTH RESOURCES SATELLITE 

MINIMUM ONE YEAR USEFUL LIFETIME 

REPETITIVE COVERAGE NEARLY GLOBAL I N  EXTENT 

REPETITIVE COVERAGE AT SAME LOCAL TIME 

GROUND-BASED COMMAND 

VERTICAL AND OBLIQUE VIEWING, 2 1" STABILIZATION 

SPECTRAL SENSING FROM 0.35 TO 13 MICRONS 

DATA RELAY FROM SURFACE SENSORS 

INSTRUMENT GROWTH CAPABILITY OF 100 POUNDS 

FLIGHT I N  1 9 6 9  OR 1970 
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T a b l e  5 

SENSOR REQUIREMENTS 
FOR SMALL EARTH RESOURCES SATELLITE 

1. GROUND RESOLUTION: 300 FEET MINIMUM; 100 FEET 
PREFERRED 

2 .  TONE: GRAY SCALE - 16  SHADES, COLOR PREFERRED 
I N  SOME CASES (5 BITS, INCLUDING 1 PARITY) 

3 .  SWATH WIDTH: 100 NAUTICAL MILES 

4 .  WEIGHT: 400 POUNDS MAXIMUM INCLUDING ALL DATA 
PROCESSING INSTRUMENTATION; LESS THAN 200 POUNDS 
PREFERRED 

5.  SINGLE GROUND COVERAGE : 
No. Frames @ 

A r e a  100 x 100 N.M. 

ALL LAND 43 x 10 6 s q . N . M .  4,300 
ENTIRE EARTH 105 x 10 6 s q . N . M .  10,500 

6. MAP SCALE: 1:5,000,000 MINIMUM; 1:1,000,000 
PREFERRED 

7 .  AVAILABILITY: 1 9 7 0  REQUIRED; 1969 PREFERRED, 

I I T  R E S E A R C H  I N S T I T U T E  
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GROUND RESOLUTION-FEET (BASED ON ORBITAL ALTITUDE OF 300 N.M.) 

FIGURE 3. GROUND RESOLUTION VS, SPATIAL RESOLUTION FOR 
REPRESENTATIVE FOCAL LENGTHS. 
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ORBITAL ALTITUDE 

FIGURE 4. MAP SCALE VS. ORBITAL ALTITUDE 
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PARAMETRIC RELATIONSHIPS FOR ACQUISITION OPTICS 

I l l  R E S E A R C H  I N S T I T U T E  



Appendix A 

PARAMETRIC RELATIONSHIPS FOR A C Q U I S I T I O N  OPTICS 

The r e l a t i o n  between ground coverage, f i e l d  of  view, 

and o r b i t a l  a l t i t u d e  i s  shown below: 

e = 2  -1 L tan  - 2h 

8 = f i e l d  of view 
h = a l t i t u d e  
L = diagonal  of  1 x 1 

ground swath 
Figure A - 1  
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The r e l a t i o n  between f i e l d  of view, image format,  and 

f o c a l  length  i s  i l l u s t r a t e d  i n  Figure A - 2 .  

F.L. 

Focal Plane 

-1 d 8 = 2 t an  2 F . L .  

8 = f i e l d  of view 

d = diagonal  of wxw 
F.L. = f o c a l  l eng th  

f i l m  format 
W 

Figure A-2 

Figure A-3 i l l u s t r a t e s  r e l a t i o n  between ground reso-  

l u t i o n ,  spa t i a l  r e s o l u t i o n  of photo su r face  and f o c a l  length-  

o r b i t a l  a l t i t u d e  i s  held f ixed  a t  300  N.M. 

3 . 5 9  l o4  
= S.R. x F.L.  

G.R. = ground r e s o l u t i o n  
S.R. = s p a t i a l  r e s o l u t i o n  

i n  l i n e  p a i r s / m m  
F.L. = f o c a l  l eng th  i n  

inches 
Figure A-3 
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I 

Map scale i s  def ined by the expression 

Orb i t a l  a l t i t u d e  
Focal l eng th  M.S. = 

4 - - 7.3 x 10 
F.L. 

x h 

where h = o r b i t a l  a l t i t u d e  i n  N.M. 
F.L. = f o c a l  l eng th  i n  inches. 

Figure A - 4  i s  a nomograph t o  br ing  toge ther  the pe r -  

t i n e n t  parameters pe r t a in ing  t o  a c q u i s i t i o n  o p t i c s  f o r  satel -  

l i t e  imaging systems. Any three parameters, one being a func- 

t i o n  of  the  o t h e r  two, may b e  r e l a t e d ,  the purpose being t o  

a r r i v e  a t  a t r u e  r ep resen ta t ion  of  ground r e s o l u t i o n .  For 

example, i f  a s a t e l l i t e  i s  o r b i t i n g  a t  300 n a u t i c a l  m i l e s  and 

a 100 n a u t i c a l  m i l e  ground swath i s  des i r ed ,  then a s t r a i g h t  

l i n e ,  m y  j o i n i n g  s c a l e s  a and e i n t e r s e c t s  s c a l e  c a t  27 degrees ,  

which i s  the requi red  f i e l d  of view f o r  the  l ens .  

I f  70 mm f i l m  i s  se l ec t ed  f o r  t he  format ( p i c t u r e  s i z e  

2-1/4" by 2 - 1 / 4 " ) ,  then the lens  must have almost a 7-inch 

f o c a l  length ,  as ind ica t ed  by l i n e  n and scale b. I f  the  

f i l m  has an e f f e c t i v e  r e so lu t ion  o f ,  say,  100 l i n e  p a i r s / m i l l i -  

meter,  then a l i n e ,  p ,  through s c a l e s  d and f w i l l  i n t e r s e c t  

scale g and i n d i c a t e  about 11, 5000 r e s o l u t i o n  elements. 

F i n a l l y ,  a l i n e ,  q ,  between s c a l e s  g and i i n t e r s e c t s  s c a l e  

h a t  about 50, demonstrating t h i s  camera system w i l l  have a 

t r u e  ground r e s o l u t i o n  s l i g h t l y  i n  excess of 50 f e e t  from an 

a l t i t u d e  of 300 n a u t i c a l  miles. 
I I T  R E S E A R C H  I N S T I T U T E  
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One important parameter which does n o t  lend i t s e l f  t o  

nomograph r e p r e s e n t a t i o n  i s  map sca l e .  

map s c a l e  has been shown t o  b e  a func t ion  of l ens  f o c a l  length  

and o r b i t a l  a l t i t u d e ,  Figure A-5 a t tempts  t o  re la te  map scale 

and o the r  parameters such as systems and ground r e s o l u t i o n  

and g e n e r a l l y  t o  i n d i c a t e  the "performance" c a p a b i l i t y  of the 

o p t i c s .  Thus, f o r  example, one can match sys t ems  r e s o l u t i o n  

with f o c a l  length  of the a c q u i s i t i o n  o p t i c s  i n  the  l e f t  sec-  

t i o n  of Figure A - 5  and by extending a h o r i z o n t a l  l i n e  t o  the 

r i g h t  from t h a t  i n t e r c e p t  t o  the i n t e r c e p t  w i th  the appropr i a t e  

a l t i t u d e  curve determine the  p o t e n t i a l  ground r e s o l u t i o n  below, 

The map scale i s  shown i n  parenthes is  f o r  the r e p r e s e n t a t i v e  

foca l  lengths  and i s  given f o r  100 n a u t i c a l  m i l e s  a l t i t u d e .  

To determine map s c a l e  a t  higher  a l t i t u d e s ,  s i m p l y  mul t ip ly  

the map s c a l e  by the  appropr i a t e  f a c t o r  - 2,  3 ,  4, and s o  f o r t h  - 
f o r  a l t i t u d e s  of  200, 300, 400, and s o  f o r t h ,  n a u t i c a l  miles, 

r e s p e c t i v e l y .  The dashed l i n e s  r ep resen t  the  300 n a u t i c a l  m i l e  

curve,  corresponding t o  a one-year o r b i t a l  l i f e  and a 22-inch 

f o c a l  length ,  which i s  the required f o c a l  l eng th  t o  give 

1:1,000,000 map s c a l e  a t  t h i s  a l t i t u d e .  

Although previous ly  
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